Introduction
Many different materials are used in the National Ignition Facility, NIF, located at Lawrence Livermore National Laboratory, LLNL. Some of these are exposed to significant doses of ionizing radiation. Two elastomers are of special interest because they are used in sealing applications with long expected lifetimes. These are LPU4, a polyurethane formulated at LLNL, and Dow Corning DC93-500, a silicone RTV elastomer. In 2004 a program to determine the impact of ionizing radiation on the stress relaxation and compression set characteristics of these two elastomers was undertaken.
Since the materials are used in continuous compression and must reliably seal, the primary test utilized was a stress relaxation test. This test provides insight into the ability of a seal to remain functional in a static seal. The test determines how much residual force remains after a certain period of time under compression. The temperature and absorbed radiation dose can dramatically impact this property. In this study the only independent environmental variable studied is the effect of radiation at ambient temperatures. Two levels of radiation exposure were studied, 1 MRad, and 10 MRad. One of the independent test parameters is the compression deflection during storage and in this test the value used was 25%. The need for a compression retention mechanism ruled out radiation exposure in the compressed direction since the high atomic number materials for that device would block the radiation. Therefore, an annular ring was chosen for the specimen shape. The procedures are, as closely as possible, based on ASTM D 6147-97.
Since the data is readily obtained at the end of the stress relaxation test, the samples were also evaluated for compression set. Compression set is the essentially permanent deformation incurred in a seal after the seal is compressed for some period of time and then unloaded. Though this is indicative of potential sealing reliability, it is not as direct an indicator of seal performance as is stress relaxation. Compression set does not yield any useable, quantified information but is an indicator of viscoelastic deformation with time. The needed thickness measurements were obtained both from the unloading curves and direct measurement in general accordance with ASTM D395-03.
The radiation source for this testing was the Co60 gamma source located at Lawrence Livermore National Laboratory (LLNL). This source has an exposure vessel approximately 29.2cm (11.5") tall with an inside diameter of 7.44cm (2.93"). Because of the geometry limits, cylindrical symmetry and limited volume, a standard stress relaxation test such as ASTM D 6147-97 could not be utilized and a modified test was developed. An additional constraint imposed by the vertical asymmetry of the radiation dose in the exposure chamber was a limited height with reasonably uniform radiation exposure. The specific dimensions and radiation characteristics of the test cell are in Appendix A.
Details of test
The testing geometry chosen was a 1.27cm (½ inch) thick annular ring with an inside diameter of 3.81cm (1 ½ inches) and an outside diameter of 6.35cm (2 ½ inches), (Fig 1. ) This fixture could be placed in a container and lowered into the exposure chamber of the Co60 source.
An Instron mechanical test machine was used to compress the samples in the fixture. The sample was compressed to just past 25 compression %, 0.318cm (1/8"), and a lock plate was installed to hold this compression during radiation exposure. The load on the fixture was then released and the sample was promptly sent to the exposure chamber, exposed for a time to yield one of the accumulated doses, 1 or 10 MRad, and then returned and unloaded in the same mechanical test machine. During unloading the sample was compressed again to just past 25% of original thickness and the lock removed. The sample was then unloaded in a controlled fashion. The load at the point where motion of the fixture top first occurred during the unloading operation, the "liftoff point" was taken as the final load. In all cases, there was a small amount of deflection of the component past 25% during the loading and unloading, but this is not thought to have any significant impact on the test results. The stress relaxation is calculated as the drop in load as a quotient of the original load. All loading and unloading deflection and load data was collected electronically. Because of the cost of fixtures, the testing was limited to three samples for each condition, the minimum recommended in both referenced ASTM procedures.
Figure 1 Test Specimen and Test Fixture
The initial load to compress the samples to 25% was taken as the baseline. The deterioration of the load owing to normal stress relaxation control samples with no radiation exposure was used. Since time is an independent parameter in this testing, the controls were left loaded for approximately the same amount of time as the irradiated specimens.
During initial loading, the total deflection is 0.318cm (1/8"), which is 25% of the ring's original thickness of ½". During the unloading, after irradiation, the displacement from first contact point to where the sample just becomes completely unloaded is no longer 0.318cm (1/8") since there is some compression set. This reduced deflection measured during unloading was used as one means to calculate compression set. The calculation is the original deflection, 0.318cm (1/8"), less the reduced deflection after exposure as a quotient of the original compression deflection, not the total thickness of the part. Compression set was estimated by direct measurement of the thickness of the specimens after being removed from the test fixture. The time between removal and measurement should be controlled and was targeted to be 30 minutes. That was not the case for all data collected. Details of these measurements are in Appendix B.
Details of the operational procedure for the compression testing aspects are included in Appendix C. The test sample designations are shown below in Table 1 . Samples 1a, 1b, 1c, 2a, and 2b are considered developmental samples and are not included in results though the data is contained in the spreadsheets imbedded in this report.
Results
The nomenclature used to track specific test specimens consisted of a serial number and a suffix letter. The specific tests are shown in the matrix, 2a, 2b, 4b, 8a, 8b 10a, 10b, 11 4a, 9a, 1b, 1c, 3b, 5a, 6b 7a, 7b, 12, 13 3a, 5b, 6a There was little change in the compressive stress relaxation properties of either material when exposed to 1Mrad of gamma radiation, Table 2 . At 10 Mrad exposure there were significant changes for both materials. The LPU4 control exhibited a drop in load of 10%. With 1 MRad exposure, the 11% load loss was equivalent to that of the control. However at 10MRad exposure there was a significant difference and the load dropped 26%. The DC 93-500 exhibited similar drops in load of 8%, 5%, and 10% for exposures of none, 1MRad, and 10 MRad respectively. These results are detailed in Table 2 and Figures 2 and 3.
As discussed earlier, compression set was evaluated from both the load release curve of the compression testing as well as the direct measurement of sample thickness in the unloaded state before and after loading and radiation exposure. The results from the load release are included in Table 3 and are also described in Figure 2 . were also done after some relaxation time and are reported in Table 4 and Figure 4 .
Below is all of the compression test data in graphical format. The first two graphs, Figure  2 , are summaries in which replicate runs are combined into one set of data. These are useful to assess general effects. The graphs following those, Figure 3 , include the data for each separate test. These give a good representation of repeatability. These graphs and the details used to generate them are contained in both: The compression set results based on direct measurement of thickness are presented in summary form in the table below and in the graphs following the table. In some cases there was noticeable dishing of the specimen with the inside and outside edges of the ring being thicker than the center of the annulus. Therefore measurements were taken at these three radial positions. The details of all measurements as well as supplementary analytical graphs are in:
Compression Set by Thickness.xls During the test program a very anomalous sample was discovered. The data from that sample has been excluded from any summary information. An effort was made to discover the cause of the anomalous behavior and the details of that investigation are included in Appendix D.
Conclusions
The urethane elastomer LPU4 shows substantially more stress relaxation after receiving an accumulated dose of 10 Mrad than does the RTV silicone DC 93-500. In contrast, DC 93-500 has somewhat higher compression set than LUP4 under the same conditions. At 1 Mrad exposure changes in these parameters appear to be negligible in comparison to control samples, although there may be a slight increase in compression set for both materials at 1Mrad exposure.
Appendix A Details of Radiation Test Environment
The dimensions, in inches, of the canister which is inserted into the radiation exposure vessel are:
Below is information on height from the bottom of the canister to the area of maximum radiation flux. The canister rests on the flat bottom surface so that maximum flux is at a height of 121mm. The silicone rings are arbitrarily numbered, the ID is marked on the bore of the ring and this serves as the "12 o'clock" position for measurement. Heights above surface table measurements are taken in the approximate locations shown. These measurements shall be treated as approximations of thickness.
Dimension

Appendix C Details of Compression Testing Methods
• Calibrate the load cell-This is done automatically by selecting the load cell icon located in the upper most right portion of the screen; it will be the third icon from the right. Choose calibrate from the load window, verify that there is no load on the load cell. The spherical seat platen is not considered a load. Choose OK. This will take a few seconds. Choose Done.
• Balance Load-This is done automatically. Located in the upper most left corner
• Align lower spherical seat platen (NEW)-Without test fixture close the platens together, as you become close to touching use the fine position knob to apply a load of approximately -500 to -1000 lbf. This will align the lower spherical seat platen with the upper platen. Open the platen until the gap is wide enough to easily insert the entire test fixture. The crosshead and column is marked with red tape to indicate proper positioning for easy fixture placement.
• Assemble the fixture with test seal IOM fixture parts and seal (NO locking key) A B C A) Place the seal over the top and centered on the steel fixture base. B) Place the steel compression ring over the seal C) Place the aluminum compression cap over the steel compression ring Note: "Compression lock key" in front of the fixture base in photo C. This key will be needed during this test.
• Mount parts in Instron-Insert the FULLY assembled IOM fixture between the platens.
When doing so try to place the assembled fixture as close to the center of the lower spherical seat platen as possible without touching the outer edge of the platen. Once this is accomplished you can now carefully fine position the fixture to the center using the circular markings on the lower platen. *Note: Applying even a low force to the outer edge of the spherical seat platen will cause it to tilt, thus become misaligned with the upper platen. Misalignment may lead to an inappropriate starting point and cause problems during key insertion and removal.
• Balance the load cell
• Adjust the starting load-This step is important; it will help achieve a reproducible starting point for each test. With the assembly in place, carefully close the platens until a slight compressive force (negative) is applied. As you get close to touching the test fixture use the fine adjustment knob. Continue to close the platens one increment at a time until you go just beyond -5.0 lbs of compressive force. Now in the opposite direction and still using the fine adjustment knob open one increment. You should be at the starting point, which is with a compressive force applied but less than -5.0 lbs (DO NOT Balance Load).
• RESET Gauge Length (important) -Resetting the gauge length to zero is critical. The method cannot perform correctly unless it starts at .000".
• Ready to start first phase of testing
PHASE I TESTING
1) Start Test-This test will essentially compress the part, closing the platens @ .050" per minute until the crosshead displacement reaches .138". At this point the crosshead will hold its position for ten seconds. This ten-second stop is the time the compression lock key is inserted in the slot above the steel compression ring. After the ten second hold the crosshead will start opening. After .028" of travel the crosshead will stop. The extension read out should be .110". The lock key keeps the seal in compression so the entire assembly can be removed after the test.
2) Part compressed, locked and ready to be removed 3) Calibrate the load cell-Use the same procedure described in Phase 1 Testing.
4) Balance Load
5) Align lower spherical seat platen-Without test fixture close the platen together and apply a load of ~ -500 to -1000 lbf. This will align the spherical seat platen with the upper platen. Open the platen until the gap is wide enough to easily insert the entire test fixture. The crosshead and column is marked with tape to indicate proper positioning for fixture placement.
6) Mount parts in Instron-Insert the FULLY assembled IOM fixture between the platens. When doing so try to place the assembled fixture as close to the center of the lower spherical seat platen as possible without touching the outer edge of the platen. Once this is accomplished you can know carefully fine position the fixture to the center using the circular markings on the lower platen. *Note: Applying even a low force to the outer edge of the spherical seat platen will cause it to tilt, thus become misaligned with the upper platen. Misalignment may lead to an inappropriate starting point and cause problems during key insertion and removal.
7) Balance load cell-Carefully close the platens using the fine adjust knob until a compressive force of -5.0 lbs is applied. (No more than -5.0 lbf) 8) RESET gauge length (important) 9) Start Test-This test will compress the part @ .050" per minute until the displacement reaches .016" at which time the crosshead will stop for ten seconds. It won't take long to reach this point so be ready. Remove the compression lock key from the slot above the steel compression ring using a predetermined tool. After the ten second hold the crosshead will start opening @ .050" per minute for . 
Appendix D
Study of Anomalous Specimen Contributed by Mark Pearson
Observations during the IOM seal testing revealed a unusually high initial compressive load value on part 93-500 #12. I've summarrized the average load achieved on initial testing for each of the LPU4 and 93-500 parts tested. The 93-500 part #12 was not included in the average for 93-500.
Average maximum load of LPU4 and 93-500 in compression
LPU4
93-500 93-500 #12 Avg. of 11 parts 1114.7 lb 683.5 lb Single part 1078.0
Because of this high compressive force obtained during IOM Seal test on part 93-500 #12 some quick comparisons with a known 93-500 (13) and LPU4 (10a) seals were made. Each of these three parts have been exposed to 1.0 mRad of radiation.
Weight Comparison
Ten IOM seal parts from each, the LPU4 and 93-500 were weighed (the part in question, 93-500 #12, was included in the 93-500 statistics). Table 1 contains a summary of the data of interest. Table 2 contains the values for each part meassured. Table 3 TGA TGA was conducted on small sections of each of the three parts. The temperature range covered between 25°C through 500°. The ramp rate was 10°C per minute. Argon was used as the purge gas. The TGA data indicates that part #12 is indeed 93-500, or at least is not LPU4. The 
Thickness Measurements
Simple thickness measurements were taken on each of the three parts using the Onno Sokki Thickness Gauge No. 00020) with the Flat .318" diameter tip. The thickness measurements do indicate that the 93-500 # 12 part is slightly thicker than each of the other parts (Photo 1).
Visual Observations
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